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CLAIMS 

1 . A method for correcting tool position errors in machine tools, characterised by: 

- determining the at least partial difference, refenred to at least one predetermined degree 
of freedom, between the true position of the tool and a point on the theoretical 
geometrical locus which the tool should describe, 

- converting said difference into a correction signal, and 

- using said conrection signal to move the tool in accordance with that degree of freedom 
relative to its support stoicture, at a response rate at least double that of the machine. 

2. A method as claimed in claim 1 , further comprising determining the at least partial 
difference, referred to said one degree of freedom, between the true position of the tool and 
the position of a point on the theoretical machining surface. 

3. A method as claimed in claim 1 , further comprising determining the at least partial 
difference, referred to said one degree of freedom, between the true position of the tool and 
ttie position of a point on the theorejical trajectory which the tool should describe. 

4. A method as claimed in claim 1 , further comprising determining the at least partial 
difference, referred to said one degree of freedom, between the true position of the tool and 
its theoretical position. 

5. A method as claimed in claim 1 , further comprising determining said difference from 
corrections deduced from previous measurements on the worlcpiece. 

- 67 A method as claimed "in claim-l , further comprising determining" the" difference 

between the theoretical behaviour of the machine axes and the true behaviour deduced 
from measurements thereof. 

7. A method as claimed in claim 1, further comprising determining the difference by 
calculating the tool position error given by structural yielding inferred from a knowledge of 



real-time speed and acceleration, said error being deduced from previously measured 
masses, structural rigidities and machine response characteristics. 

8. A method as claimed in claim 1 , further comprising determining the difference by 
real-time reading of the error between the theoretical position and true position of the axis 
of each axis of the machine. 

9. A method as claimed in claim 1, further comprising determining the difference by 
measuring the dynamic component of the tool position error, using high precision 
accelerometers positioned in proximity to the tool arbor. 

10. A method as claimed in claim 1, further comprising determining the difference by 
absolute measurement of the true position of the tool in relation to its theoretical position 
imposed by the machine numerical control system. 

11. A device for correcting tool posjtion errors in machine tools comprising: 

- at least one member for regulating the position of a tool having a tool support structure, 
acting according to at least one predetermined degree of freedom, said member being 
inserted into the tool support structure downstream the axes of the machine tool and 
having a response rate at least double that of the machine tool; 

- means for determining the at least partial difference, referred to said one degree of 
freedom, between the true position of the tool and a point on the theoretical geometrical 
locus which the tool should describe, and 

- means for converting said difference into a control signal for said regulating member 
according to said degree of freedom. 

12. A device as claimed in claim 11, further comprising means for determining the at 
least partial difference, referred to said degree of freedom, between the true position of the 
tool and the position of a point on the theoretical machining surface. 



13. A device as claimed in claim 11, further comprising means for determining the at 
least partial difference, referred to said degree of freedom, between the true position of the 
tool and the position of a point on the theoretical trajectory which the tool should describe. 

14. A device as claimed in claim 11, further comprising means for determining the at 
least partial difference, referred to said degree of freedom, between the true position of the 
tool and its theoretical position. 

15. A device as claimed in claim 1 1 , further comprising at least one actuator acting in 
accordance with said degree of freedom is inserted into the tool support structure. 

16. A device as claimed in claim 11, further comprising three non aligned actuators 
operable independently of each other are inserted into the tool support structure to realize 
three degrees of freedom of the regulating member. 

1 7. A device as claimed in claim 1 1 , fijrther comprising three actuators acting parallel to 
each other are inserted between the machine support and the arbor support structure. 

18. A device ad claimed in claim 1 1 , wherein said actuator consists of a double-acting 
hydraulic cylinder inserted into the tool support structure, which is formed in two parts 
between which axial disc springs are interposed. 

19. A device as claimed in claim 15, wherein each actuator is fed via a hydraulic servo- 
valve, to which it is connected. 

20. A device as claimed in claim 1 1 , wherein said actuator is of piezoelectric type. 

21 . A device as claimed in claim 1 1 , wherein said means for determining the difference 
consist of signals made available by the machine numerical control system. 
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22. A device as claimed in claim 1 1 , wherein said means for determining the difference 
consist of sensors for sensing the dynamic actions to which the component structures of the 
machine are subjected during machining. 

23. A device as claimed in claim 1 1 , further comprising at least one accelerometer for 
determining the dynamic component of the error between the true position of the arbor 
support and its theoretical position. 

24. A device as claimed in claim 23, wherein the accelerometer is positioned downstream 
of the corresponding actuator. 

25. A device as claimed in claim 1 1 , further comprising feedback means for the correction 
measurement. 

26. A device as claimed in claim 1 1 , wherein said regulating member consists of a rotary 
axis of the tool carrying head. 

27. A device as claimed in claim 11, wherein said regulating member consists of the 
axially traversable tool carrying structure. » 

28. A device as claimed in claim 27, wherein the arbor carrying structure is supported by 
two laminas and is associated for its .traversing movements with an actuator of high 
response rate. 

29. A device as claimed in claim 1 1 wherein said regulating member comprises a rotary 
axis provided with means for its orientation such that the correction has useful component 
against a predetermined profile. 



30. A device as claimed in claim 1 1 further comprising: 



a first pair of laminas for connecting the structure, downstream the axis of the machine, 
to a first part, 

a second pair of laminas for connecting said first part to a second part forming the 
support of the tool, 

a first actuator placed between said structure and said first part, 
a second actuator placed between said first part a said second part. 
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CLAIMS 

1 . A method for correcting tool position errors in nnachine tools, characterised by: 

- determining the at least partial difference, referred to at least one predetermined degree 
of freedom, between the true position of the tool and a point on the theoretical 
geometrical locus which the tool should describe, 

- converting said difference into a correction signal, and 

- using said correction signal to move the tool in accordance with that degree of freedom 
relative to its support structure, at a response rate at least double that of the machine. 

2. A method as claimed in claim 1, [characterised by] further comprising determining 
the at least partial difference, referred to said one degree of freedom, between the true 
position of the tool and the position of a point on the theoretical machining surface. 

3. A method as claimed in claim 1 , [characterised by] further comprising determining 
the at least partial difference, referred to said one degree of freedom, between the true 
position of the tool and the position of a point on the theoretical trajectory which the tool 
should describe. 

4. method as claimed in claim 1 , [characterised by] further comprising determining 
*the at least partial difference, referred to said one degree of freedom, between the true 
position of the tool and its theoretical position. 

5. A method as claimed in claim 1 , [characterised by] further comprising determining 
said difference from corrections deduced from previous measurements on the workpiece. 



6. A method as claimed in claim 1 , [characterised by] further comprising determining 
the difference between the theoretical behaviour of the machine axes and the true 
behaviour deduced from measurements thereof. 



7. 



A method as claimed in claim 1, [characterised by] further comprising determining 
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the difference by calculating the tool position error given by structural yielding inferred from 
a knowledge of real-time speed and acceleration, said error being deduced from previously 
measured masses, structural rigidities and machine response characteristics. 

8. A method as claimed in claim 1 , [characterised by] further comprising determining 
the difference by real-time reading of the error between the theoretical position and true 
position of the axis of each axis of the machine. 

9. A method as claimed in claim 1 , [characterised by] further comprising determining 
the difference by measuring the dynamic component of the tool position error, using high 
precision accelerometers positioned in proximity to the tool arbor. 

10. A method as claimed in claim 1 , [characterised by] further comprising determining 
the difference by absolute measurement of the true position of the tool in relation to its 
theoretical position imposed by the machine numerical control system. 

J 

11. A device for [implementing the method claimed in one or more of claims 1 to 10, 
characterised bv] correcting tool position errors in machine tools comprising: 

- at least one member for regulating the position of [the] a^tool having a tool support 
' structure, acting according to at least one predetermined degree of freedom, said 

member being inserted into the tool support structure [(10, 12, 54)] downstream the axes 
of the machine tool and having a response rate at least double that of the machine too l: 

- means for determining the at least partial difference, referred to said one degree of 
freedom, between the true position of the tool and a point on the theoretical geometrical 
locus which the tool should describe, and 

- means for converting said difference into a control signal for said regulating member 
according to said degree of freedom. 

12. A device as claimed in claim 11, [characterised by] further comprising means for 
determining the at least partial difference, referred to said degree of freedom, between the 
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true position of the tool and the position of a point on the theoretical machining surface. 

13. A device as claimed in claim 11, [characterised by] further comprising means for 
determining the at least partial difference, referred to said degree of freedom, between the 
true position of the tool and the position of a point on the theoretical trajectory which the tool 
should describe. 

14. A device as claimed in claim 11, [characterised by] further comprising means for 
determining the at least partial difference, referred to said degree of freedom, between the 
true position of the tool and its theoretical position. 

15. A device as claimed in claim 1 1 , [characterised in that] further comprising at least one 
actuator [(1 6,38,56,63,68)] acting in accordance with said degree of freedom is inserted into 
the tool support structure [(10,12,54)]. 

16. A device as claimed in claim 1 1 , [characterised in that] further comprising three non 
aligned actuators [(16)] operable independently of each other are inserted into the tool 
support structure to realize three degrees of freedom of the regulating member. 

17. ' A device as claimed in claim 11, [characterised in that] further comprising three 
actuators [(1 6)] acting parallel to each other are inserted between the machine support [(10)] 
and the arbor support structure [(12)]. 

18. A device ad claimed in claim 1 1 , [characterised In that] wherein said actuator [(16)] 
consists of a double-acting hydraulic cylinder inserted into the tool support structure, which 
is formed in two parts between which axial disc springs [(20)] are interposed. 

19. A device as claimed in claim 15, [characterised in that] wherein each actuator [(16)] 
is fed via a hydraulic servo-valve [(22)], to which it is connected. 
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20. A device as claimed in claim 1 1 , [characterised in that] wherein said actuator is of 
piezoelectric type. 

21 . A device as claimed in claim 1 1 ,[ characterised in that] wherein said means for 
determining the difference consist of signals made available by the machine numerical 
control system. 

22. A device as claimed in claim 11, [characterised in that] wherein said means for 
determining the difference consist of sensors for sensing the dynamic actions to which the 
component structures of the machine are subjected during machining. 

23. A device as claimed in claim 1 1 , [characterised by] further comprising at least one 
accelerometer for determining the dynamic component of the error between the true position 
of the arbor support and its theoretical position. 

24. A device as claimed in claim 23, [1 1 , characterised in that] wherein the accelerometer 

J 

is positioned downstream of the corresponding actuator. 

25. A device as claimed in claim 11, [characterised by] further comprising feedback 
means [(44,58,64,68)] for the correction measurement. 

26. A device as claimed in claim 11, [characterised in that] wherein said regulating 
member consists of a rotary axis of the tool carrying head. 

27. A' device as claimed in claim 11, [characterised in that] wherein said regulating 
member consists of the axially traversable tool carrying structure. 

28. A device as claimed in claim 27, [characterised in that] wherein the arbor carrying 
structure [(24)] is supported by two laminas [(26.28)] and is associated for its traversing 
movements with an actuator [(38)] of high response rate. 



J. O Oi 3 '0 .1. e ClI e. J., S OI S: 



29, A device as claimed in claim 1 1 [suitable for machining a predetermined profile in a 
plane, characterised in that] wherein said regulating member [consists of] comprises a rotary 
axis provided with means for its orientation such that the correction has useful component 
against [said ] a predetermined profile. 

30. A device as claimed in claim 1 1 [suitable to plane working according to a prefixed 
outline characterised in that said member for regulating comprises] further comprising : 

- a first pair of laminas [(61 ,62)] for connecting the structure [(1 0)], downstream the axis of 
the machine, to a first part [(60)], 

- a second pair of laminas [(65.66)] for connecting said first part [(60)] to a second part 
[(12)] forming the support of the tool, 

- a first actuator placed between said structure [(10)] and said first part [(60)], 

- a second actuator placed between said first part [(60)] a said second part [(12)], 

J 
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METHOD AND DEVICE FOR CORRECTING TOOL POSITION ERRORS IN 
MACHINE TOOLS 

This invention relates to a method and device for correcting tool 
position errors in machine tools. 
5 In machine tools in general, and in milling machine in particular, an 

often substantial operational error can arise between the theoretical position 
of the tool relative to the workpiece and its true position. 

This error, which overall can be defined as a geometrical error, derives 
from two contributions, namely the position error of a reference point on the 
10 tool (for example the centre of the tool sphere in the case of a spherical tool, 
or the end of the axis of a cylindrical tool) and the enror in the tool orientation 
relative to its theoretical orientation. This invention is essentially aimed at 
reducing the tool position error which occurs both statically and during 
movement of its axes, however the invention also enables its orientation to be 
15 corrected. 

Reducing the tool position error is of fundamental importance as it 
enables machining quality to be improved while at the same time achieving a 
greater speed and acceleration, hence reducing machining times and costs. 

In particular, reducing the position error in milling machines dedicated 
20 to mould machining is very important both for improving precision and for 
reducing manual polishing work, which involves considerable time and cost, 
with uncertain results. 

Whatever the type of error, it is well known that tool position and 
orientation errors are present both statically, during low speed and low 
25 acceleration machining, and dynamically, during high speed and high 
acceleration machining. 
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For all these reasons it is extremely important to reduce as much as 
possible the error arising in any machine tool during operation, to which end 
machine tool designers and manufacturers devote considerable effort during 
the design stage in studying the dynamic characteristics of the axes and the 

5 machine structure, reducing the machining parameters and optimizing the 
control systems for the axes on the basis of their parts of travel, the arbor 
power and the weight of the workpiece and accessories. 

Knovwi solutions therefore involve the need to handle considerable 
masses, which limit the intrinsic axis frequencies and the intrinsic structural 

10 frequencies to values between about 10 Hz and 50 Hz in relation to the travel 
paths and weights of the moving parts. In their turn these low frequencies im\i 
the performance obtainable with numerical control and in particular limit the 
space cycle gain and other connected parameters, resulting in limits on the 
obtainable precision, which is lower the higher the speed and acceleration 

15 during machining. 

Machine in the form of a hexapod have recently been constructed, 
which rigidly support the arbor with lower structural masses. They increase 
the intrinsic machine frequencies, but at the same time they pose 
considerable limits on machining because of the particular type of madiine. 

20 The main object of the invention is to correct tool position errors in 

machine tools, in order to achieve high speed and acceleration of the moving 
parts with simultaneous high precision, without posing substantia] limits on 
machine performance and without introducing constructional complexity. 

A further object is to correct in open cycle the position error read on 

25 the machine axes, in addition to the centrifugal component of the tool position 
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error deduced from the masses and rigidity of the structure in the various 
directions. 

A further object of the invention is to correct the tool position by taking 
account of the error between the true tool position and the true position of the 
5 axes, and to hence further reduce the error between the actual position and 
theoretical position of the tool. 

A further object of the invention is to drastically reduce the static error 
on reversing movement, due to reversal response delays deriving from frictton 
forces, and to substantially improve the statistical values of the axis 
10 positioning precision. 

A further object of the invention is to correct the tool orientation. 
A further object of the invention is to make it possible at any moment 
to test the arbor behaviour in the three directions at different frequencies, on 
the basis of the position of the axes. 
15 A further object of the invention is to increase machine dynamic rigidity 

during power chip removal machining, so reducing machining chatter and 
considerably raising the machine removal limits, while allowing continuous 
monitoring of the amplitude of arbor vibrations deriving both from chatter and 
from tool unbalance, with possible indication if limits are exceeded or with 
20 automatic adjustment of machining parameters. 

A further object of the inventions is to allow measurement of the tool 
force based on the already measured art)or rigidity, so enabling the tool 
intactness and its state of wear to be verified and to correct any deformations 
induced in the machine. 
25 A further object of the invention is to allow closed cycle monitoring of 

the tool position when using very rapid and precise measurement systems 
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which indicate the tool position Instantaneously and with high precision during 
machining, and including monitoring of the dynamic deformations to which it is 
subjected. 

A further object of the invention is to make the correction using axes of 
5 heads provided for other purposes, in order thereby to effect the position 
correcting action. 

All these and further objects which will be apparent from the ensuing 
description are attained, according to the invention, by a method for correcting 
tool position errors as described in claim 1. 
iO The invention also comprises a device for correcting tool position 

errors in machine tools as described in claim 1 1 . 

A preferred embodiment of the invention is described in detail 
hereinafter with reference to the accompanying drawings, on which: 
Figure 1 is a schematic view of a milling machine with its tool movable in 
15 accordance with three degrees of freedom and provided with the 

correction device of the invention. 
Figure 2 is a partly sectional enlarged schematic view of the correction 

plate interposed between the machine and the tool arbor. 
Figure 3 is a schematic front view of the correction plate, 
20 Figure 4 is an enlarged sectional detail of an actuator for the correction 

— plater — 

Figure 5 is a schematic view of the machine of Figure 1 connected to a 

correction circuit relative to one degree of freedom. 
Figure 6 shows four wave forms illustrating the invention of the correction 
25 device, 
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Figure 7 shows a second embodiment of the correction device of the 
invention relative to one degree of freedom applied to a milling 
machine. 

Figure 8 shows a third embodiment of the correction device of the invention 
5 relative to two degrees of freedom, using a double rotatable head 

of quick response. 

Figure 9 shows a fourth embodiment of the correction device of the 
invention relative to one degree of freedom, usable for example in 
the laser cutting of plate metal, 
10 Figure 10 shows the correcting action in machining a surface of different 
types in space, 

Figure 1 1 shows the correcting action in machining a surface of different 

types in a plane, and 
Figure 12 shows a fifth embodiment of the correction device of the invention 
15 relative to two degrees of freedom, usable for example in laser 

cutting of plate metal. 
As can be seen from the figures, the device of the invention can be 
applied to all types of machine tools, including those of traditional type, and 
comprises, preferably in proximity to the tool (it is less easy on the workpiece 
20 given its weight and dimensions), an active system having a response 
readiness and accuracy muc^ higher than those of the machine and able to 
undergo movements in order to correct the position and possibly also the 
orientation of the tool relative to the workpiece. 

What essentially distinguishes the device of the invention from 
25 traditional devices is the fact that it reduces tool position errors by tool 
correction movements (correction axes) having action components in those 
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directions already present on the machine axes (principle movement axes). 
Hence the machine degrees of freedom are repeated in the device of the 
invention, which moves in the same direction as the principle machine axes 
which are to be corrected, these correction movements being of very short 

5 travel aimed at correcting the residual error, with all the advantages which will 
become apparent hereinafter. 

If these axes are also present for other purposes, such as in the case 
of heads with one or more rotary axes, and they are sufficiently fast, they can 
be used for the correction function, without adding further axes. 

to However, whereas the principal machine axes cover the entire field of 

work, and are therefore heavy and slow, the correction axes of the device of 
fhB invention, which moves the tool in the same directions, have travel limited 
to the extent of the correction and, as very small masses are involved in the 
movement, they achieve for the aforesaid reasons extremely quick response 

15 and a very small residual error. 

Figure 1 schematically shows a milling machine to which a device of 
tfie invention is applied. The machine comprises a carriage 2 movable along 
the X axis along a fixed bed 4 and supporting an upright 6, along which a 
bracket 6 can support along the Z axis. 

20 The bracket 8 supports, slidable along the Y axis, a slide support 10 at 

the end of which the^ool arbor support 12 is mounted. 

The unit which implements the device of the invention is interposed 
between the support 10 and the tool arbor support 12. 

In the illustrated embodiment it consists of a plate 14 in which three 

25 identical double-acting hydraulic cylinders 16 are housed with their axes 
parallel Two of these cylinders are positioned at the same lower level, the 
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third being positioned at a higher level (see Figure 3). They interface with a 
ptate 18 of the tool arbor support 12, t>etween them and the arbor support 
there being interposed three axial disc springs 20, their purpose being to 
enable only the three required movements to be made, without allowing lateral 
5 translation or axial rotation. 

The three hydraulic cylinders are independently fed via quick-response 
servo-valves 22, which enable the plate 18 to move such as to implement the 
tool correction movements in the three directions. 

Specifically, opposing movement of the upper actuator 16 and the two 
10 lower actuators 16 causes the plate 18 to rotate about the X axis and 
consequently cause the tool to undergo movements in the direction of the X 
axis. Opposing movement of just the two lower actuators 16 causes the plate 
18 to rotate about the Z axis and consequently cause the tool to undergo 
correction movements in the direction of the X axis. Simultaneous concordant 
15 movement of the three actuators 16 causes the plate 18 and hence the tool lo 
traverse in the direction of the Y axis. 

The rigidity of the springs and of the oil present in the actuators, the 
mass of the arbor support 12 and the response rapidity of the servo-valves 22 
enable very high pass-bands of greater than 50 Hz to be achieved for the 
20 system which moves the arbor support relative to the support 1 0. 

Other embodiments are also possible, using different types of 
actuators (servo-motors, piezoelectric devices, etc.) able to implement the 
movements with different linkages (direct action, screws and balls, etc.) 

The principle on which the operation of the device of the invention is 
25 based is apparent from Figure 5. In this it can be seen that with reference to 
the type of correction made, and regarding for ease of representation only the 
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X axis, in an infinitely rigid machine if X© is the coordinate of the controlled 
theoretical position, Xa is the true coordinate of the X axis and Xu is the true 
coordinate of the tool, the position error of the axis and of the tool relative to 
the direction is given by Xao = Xo - Xa = Xo - Xu- 

5 The signal Xao is processed by the device hardware, to provide the 

actuators 16 of the correction device with the appropriate commands to cause 
the true value of the coordinate Xu to coincide with the theoretical value Xo. 

Figure 6 is the theoretical graph showing the variation of the 
movement component along the X axis with time. Figure 6a shows the 
10 theoretical variation. Figure 6b shows the true variation, which differs from the 
theoretical variation by virtue of the errors of tiie control system. Figure 6c 
shows the variation of the correction signal, which is determined 
instantaneously by comparison between the theoretical position and the true 
position of the axis. Figure 6d shows the corrected variation of the tool 

15 movement component in the X direction, which is substantially similar to the 
theoretical variation because of the very rapid and accurate response of the 
correction device. 

It is apparent that the aforegoing, which was limited to the X 
coordinate for reasons of descriptive clarity, is also valid for the other 
20 coordinates in spatial corrective action, which can be either total or partial. 

In*e aforegoing example, the extent of the correction to be applied, 
ie the information to be fed to the system for processing the correction signal, 
is obtained as the difference between the value of the value of the theoretical 
coordinate Xo and the value of the true coordinate Xa. 
25 However, other criteria for acquiring the information necessary for the 

correction can be used. For example, the following can be used: 
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- corrections deduced from previous measurements made on the workpiece, 

- corrections to ttie behaviour of the machine axes deduced by their 
measurement, 

• calculation of the tool position error given by structural yielding inferred 
5 from a knowledge of real-time speed and acceleration, the error deduced 
from previously acquired machine response and yielding characteristics, 

- real-time reading of the position error between the theoretical position and 
true position of the principle machine axes, 

- measurement of the dynamic component of the tool position error, 
10 measured for example using high precision accelerometers positioned in 

proximity to the arbor, 

- absolute measurement of the U\je position of the tool in relation to its 
theoretical position imposed by numerical control, inferred from direct 
measurement device, as for example laser interferometer. 

iS Figure 7 shows a correction device of the invention which uses an 

electro-arbor 24 supported by two laminas 26 and 28 secured to it by rings 30 
and 32 respectively. Said laminas are fixed to the support 10, downstream the 
machine axes by a further two rings 34 and 36 such that the electro-arbor 24 
can undergo axial movements of an extent sufficient to make the dynamic 

20 correction. 

This dynamic correction is effected by a suitable actuator 38 of 
hydraulic, piezoelectric or other type, secured to the support 10 by a fixed 
bracket 40, to axially move the electro-arbor by a movable bracket 42, vwth 
suitable feedback by a transducer 44. 
25 This corrective action can also be provided in a different manner via 

one or more axes already existing in the machine for other functions, as for 
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example in the case of those heads with one or more axes provided to 
suitably orientate the tool during machining. In this case the invention is 
implemented by providing the head axis or axes with rapid response so that 
they can be used to at least partially correct the position errors of the principle 

5 machine axes. 

For example, Figure 8 shows a double rotatable head of right-angled 
type having a first part 48, rotating with respect to the support 10, downstream 
the machine axes and a second part 50 which supports the arbor. If one or 
both the axes have quick response motors, they can move in accordance with 

10 the two possible degrees of freedom and hence correct the position error in 
sa'id two degrees of freedom. The correction is possible in this case on 
condition that the arbor axis is not perpendicular to the machining surface and 
is able to return the tool close to the surface using just one of the two axes, or 
onto the profile being machined using both the axes. The extent of the 

15 correction can be easily deduced once the true tool position, the surface 
position and the direction of action of the two axes are known. 

When machining spatial surfaces, such as when machining moulds, 
the tool position error correction does not necessarily have to be total, in that 
to correct the machining error it is sufficient to return the tool to the theoretical 

20 surface or to its theoretical trajectory. In the specific case of machining 
profiles in a plane, it is sufficient to return the tool to its trajectory. 

Consequently when speaking of tool position correction, this does not 
necessarily mean returning it to its theoretical position, but rather returning it 
to its geometrical machining locus. 

25 Moreover, as the correction can be total or partial, tool position 

correction generally means identifying the distance of the tool from fthe 
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geometrical machining locus either on a surface in space or on a trajectory in 
a plane. 

Figure 9 shows a correction device of the invention used in machining 
in a plane, for example with a laser cutting device 52 fixed to a rotary arm 54 
5 supported by the support 10. The arm 54 is rotated by a quick-response motor 
56 with suitable feedback by the rotary transducer 58. The arm 54 has to be 
able to rotate through about 90 degrees, and by being angularly rotated slowly 
in a suitable manner It is always possible to apply corrective action when the 
direction of the tangent to the profile varies. The arm orientation angle is 
10 transmitted to the numerical control system which corrects the position of the 
axes in relation to the angle assumed. 

Figure 10 shows the machining of a profile "p" 3 plane. It shows the 
theoretical point Po and the true point P affected by the errors Ax and Ay. 

The corrective action can follow the path "a'\ which completely 
15 corrects the error but requires two actuators, or it can follows the path "b", 
with a movement allowed by a single actuator, or it can follow the path "c", 
which is the minimum distance path and requires either two actuators or 
preliminary orientation of the corrective action of a single actuator. 

Figure 1 1 shows the machining of a surface in space. It shows the 
20 theoretical point Po, the true point P affected by the errors Ax. Ay and Az, the 
machining path pO and the paths pi , p2 and p3, which are sections through 
the surface on planes parallel to the machining plane pO. the connective action 
to return the tool to the machining path pO can be applied along the path "a" 
using three actuators, or along the path "b" using two actuators, or along the 
25 path "c" using three actuators which however return the tool not to the point 
Po but to the closest position along the path pO, or along the path "d" to return 
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the tool to the surface and specifically to the path pi using a single actuator, 
or finally along the path "e" which uses two actuators and whic^ returns the 
tool to the surface and specifically to the path p2, with the shortest correction. 

Figure 12 shows an alternative embodiment of correction on two size 

5 machines as those for cutting plate metal, with correcting action along two 
degrees of freedom. The support 10 is placed downstream the axes of the 
machine and supports the part 60 by two laminas 61 or 62 enabling correction 
movements along the X axis through an actuator 63 and a measurement 
transducer 64. On its turn, through other laminas 65 and 66. an actuator 67 

10 and a feed-back transducer 68 the correction movement of the support 12 of 
the tool is obtained along the Y axis, or of the laser cutting device 52 or other 
operating unit. 

From the aforegoing it is apparent that the method and device of the 
invention fully attain the stated objects, and in particular 
15 - they enable tool position errors to be corrected in machine tools while 
attaining high speed and acceleration of the moving parts and at the same 
time high precision, without substantial limits on the machine performance 
and without constructional complexity; 
- they correct these errors with very small movements of the axes of the 
20 correction device, of generally less than one millimetre. Consequently the 
corrections which " can be established with degrees of freedom not 
necessarily equal to that of the machine, don't require actual guides but 
may utilize very compact and economical solutions, such as solutions 
involving flexible laminas: the actuators for the movements can also be very 
25 compact, using hydraulic cylinders or piezoeletric actuators; 
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- they involve very small clearances and great rigidity, and as they 
practically add no mass to the system they enable considerable dynamic 
performance to be obtained; 

' they limit the action stroke of the correction device to the extent of the 
5 residual error of the principle axes, and although this means that methods 
must be used to measure this residual error, at the same time they limit the 
width of the correction action and hence reduce the residual error to a 
minimum after correction; 

- if they use arrangements for directly measuring the cool position, for 
10 example laser interferometers or laser tracking, they enable direct 

calculation of the error to be made, so precisely defining the corrective 
action; 

- because of the small extent of the corrective action, the reaction 
movements induced in the support structure for the correction device are of 

15 practically negligible extent; 

- in the case of a machine tool provided with supplementary rotational axes, 
such as rotatable or double rotatable heads provided to suitably orientate 
the tool in relation to the surface, these same axes, if given sufficiently fast 
response, can be used to provide the necessary corrective action, 

20 considering that the movements required for the correction do not 
appreciably alter tool orientation; 

- they allow open cycle correction of the position error read on the machine 
axes, in addition to the structure centrifugal component deduced from its 
rigidity in the various directions; 

25 - they enable the tool positron to be corrected by taking account of the 
dynamic deformation of the structure, or of the error between the position of 
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the tool and the position of the axes, and to hence further reduce the error 
between the actual position and theoretical position of the tool; 

- they drastically reduce the static error arising during movement reversal, 
due to reversal response delays deriving from friction forces, and 

5 substantially improve the statistical values of the axis positioning precision; 

- they enable tool orientation to be corrected; 

- they make it possible at any moment to test the arbor behaviour in the three 
directions at differerrt frequencies, on the basis of the position of the axes, 
by operating the actuators at the different frequencies to hence stress the 

10 machine by inertia! forces in the different directions; 

- they considerably increase machine dynamic rigidity during power chip 
removal madiining, so reducing machining chatter and considerably raising 
the machine removal limits, while allowing continuous monitoring of the 
amplitude of arbor vibrations deriving both from chatter and from tool 

15 unbalance, with possible indication if limits are exceeded a with automatic 
adjustment of machining parameters; 

- they allow measurement of the tool force based on the arbor rigidity already 
known from response spectra, so enabling the tool intactness and its state 
of wear to be verified, and to correct any deformations induced in the 

20 machine; 

- they enable the tool position to be continuously corrected during its 
rotation, with very precise upward or downward correction of the hole 
diameter and shape during boring. 
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CLAIMS 

1. A method for correcting tool position errors in machine tools, 
characterised by: 

- determining the at least partial difference, referred to at least one 
5 predetermined degree of freedom, between the true position of the tool and 

a point on the theoretical geometrical locus which the tool should describe, 

- converting said difference into a correction signal, and 

" using said correction signal to move the tool in accordance with that degree 
of freedom relative to its support structure, at a response rate at least 
10 double that of the machine. 

2. A method as claimed in claim 1, characterised by determining the at 
least partial difference, referred to said one degree of freedom, between the 
true position of the tool and the position of a point on the theoretical 
machining surface. 

J 

15 3. A method as claimed in claim 1, characterised by determining the at 
least partial difference, referred to said one degree of freedom, between the 
true position of the tool and the position of a point on the theoretical trajectory 
which the tool should describe. 

4. A method as claimed in claim 1, characterised by determining the at 
20 least partial difference^ referred to said one degree of freedom, between the 

true position- of-the^ool and its-theoretical positionr 

5. A method as" claimed in claim 1, characterised by determining said 
: _ _ difference from corrections deduced fronalprevious- measurements on the 

workpiece. 
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6. A method as claimed in claim 1. characterised by determining the 
difference between the theoretical behaviour of the machine axes and the true 
behaviour deduced from measurements thereof. 

7. A method as claimed in claim 1. characterised by determining the 
5 difference by calculating the tool position error given by structural yielding 

inferred from a knowledge of real-time speed and acceleration, said error 
being deduced from previously measured masses, structural rigidities and 
machine response characteristics. 

8. A method as claimed in claim 1, characterised by determining the 
10 difference by real-time reading of the error between the theoretical position 

and true position of the axis of each axis of the machine. 

9- A method as claimed in claim 1, characterised by determining the 
difference by measuring the dynamic component of the tool position error, 
using high precision accelerometers positioned in proximity to the tool arbor. 
15 10. A method as claimed in claim 1, characterised by determining the 
difference by absolute measurement of the true position of the tool in relation 
to its theoretical position imposed by the machine numerical control system. 
11. A device for implementing the method claimed in one or more of claims 
1 to 10, characterised by comprising: 
20 - at least one member for regulating the position of the tool, acting according 
to at least one predetermined degree of freedom, said member being 
inserted Into the tool support structure (10, 12, 54) downstream the axes of 
the machine and having a response rate at least double that of the 
machine; 
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- means for determining the at least partial difference, referred to said one 
degree of freedom, between the true position of the tool and a point on the 
theoretical geometrical locus which the tool should describe, and 

- means for converting said difference into a control signal for said regulating 
5 member according to said degree of freedom. 

12. A device as claimed in claim 11, characterised by comprising means for 
determining the at least partial difference, referred to said degree of freedom, 
between the true position of the tool and the position of a point on the 
theoretical machining surface. 
10 13. A device as claimed in claim 1 1 , characterised by comprising means for 
determining the at least partial difference, referred to said degree of freedom, 
between the true position of the tool and ihe position of a point on the 
theoretical trajectory which ihe tool should describe. 

14. A device as claimed in claim 11, characterised by comprising means for 
15 determining the at least partial difference, referred to said degree of freedom. 

between the true position of the tool and its theoretical position. 

15. A device as claimed in claim 11, characterised in that at least one 
actuator (16,38,56,63,68) acting in accordance with said degree of freedom is 
inserted into the tool support structure (10,12,54). 

20 16. A device as claimed in claim 1 1 , characterised in that three non aligned 
- actuatofs-(+6)-opeFable independently of eaefr other-are inserted into the tool 
support structure to realize three degrees of freedom of the regulating 

member. _ _ 

17. A device as claimed in claim 11, characterised in that three actuators 
25 (16) acting parallel to each other are inserted between the machine support 
.(10) and the arbor support structure (12). 
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18. A device ad claimed in claim 11, characterised in that said actuator (16) 
consists of a double-acting hydraulic cylinder inserted into the tool support 
structure, which is formed in two parts between which axial disc springs (20) 
are interposed. 

5 19- A device as claimed in claim 15, characterised in that each actuator 
(16) is fed via a hydraulic servo-valve (22), to which it is connected. 

20. A device as claimed in claim 11, characterised in that said actuator is of 
piezoelectric type. 

21. A device as claimed in claim 11, characterised in that said means for 
10 determining the difference consist of signals made available by the machine 

numerical control system. 

22. A device as claimed in claim 11. characterised in that said means for 
determining the difference consist of sensors for sensing the dynamic actions 
to which the component structures of the machine are subjected during 

15 machining. 

23. A device as claimed in claim 1 1 , characterised by comprising at least 
one accelerometer for determining the dynamic component of the error 
between the true position of the arbor support and its theoretical position. 

24. A device as claimed in claim 1 1 , characterised in that the accelerometer 
20 is positioned downstream of the corresponding actuator. 

25. A device as claimed in claim 1 1 , characterised by comprising feedback 
means (44,58,64,68) for the correction measurement. 

26. A device as claimed in claim 1 1 . characterised in that said regulating 
member consists of a rotary axis of the tool carrying head. 

25 27, A device as claimed in claim 11, characterised in that said regulating 
member consists of the axially traversable tool carrying structure. 
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28. A device as claimed in claim 27, characterised in that the arbor carrying 
structure (24) is supported by two laminas (26,28) and is associated for its 
traversing movements with an actuator (38) of high response rate. 

29. A device as claimed in claim 1 1 suitable for machining a predetermined 
5 profile in a plane, characterised in that said regulating member consists of a 

rotary axis provided with means for its orientation such that the correction has 
useful component against said profile. 

30. A device as claimed in daim 1 1 suitable to plane working according to a 
prefixed outline characterised in that said member for regulating comprises: 

10 - a first pair of laminas (61,62) for connecting the structure (10), downstream 
the axis of the machine, to a first part (60), 

- a second pair of laminas (65,66) for connecting said first part (60) to a 
second part (12) forming the support of the tool. 

- a first actuator placed between said structure (1 0) and said first part (60), 
15 - a second actuator placed between said first part (60) a said second part 

(12). 
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patent or inventor's certificate on this invention has been filed in any country foreign to the United States of America prior to this 
application by me or my legal representatives or assigns, except as follows. 

I hereby claim foreign priority benefits under Tide 35, United States Code, §119(a)-(d) of any foreign application(s) for patent 
or inventor's certificate listed below and have also identified below any foreign application for patent or inventor's certificate having 
a filing date before that of the application on which priority is claimed: 



Prior Foreign Application(s) 

VE99A000033 Italy 



Priority Claimed 



(Number) (Country) 

PCT/EPOO/07166 PCT 

(Number) 



(Cotmtry) 



(Number) 



(Country) 



07.27. 1999 

(Month/Day/Year FUed) 

07. 26 . 2000 

(Month/Day/Year Filed) 



(Month/Day/Year Filed) 





□ 


Yes 


No 




□ 


Yes 


No 


□ 


□ 


Yes 


No 


□ 


□ 


Yes 


No 



(Number) (C::ountiy) (Month/Day/Year Filed) 

I hereby claim the benefit under Title 35, United States Code, §119(e) of any United States provisional applicatioiis(s) listed below. 



(Application Number) 



(Filing Date) 



(Application Number) 



(Filing Date) 



All Foreign Applications, if any, for any Patent or Inventor's Certificate Filed More than 12 Months (6 Months for Designs) Prior to 
the Filing Date of This Application: 



Coimlry 



Application Number 



Date of Filing (Month/ Day/ Year) 



I hereby claim the benefit tmder Title 35, United States Code, §120 of any United States and/or PCT applicatlon(s) listed below and, 
insofar as the subject matter of each of the claims of this application is not disclosed in the prior United States and/or PCT 
application in the manner provided by the first paragraph of Title 35, United States Code, §112, 1 acknowledge the duty to disclose 
information which is material to the patentability as defined in Title 37, Code of Federal Regulations, §1.56 wldch became available 
between the filing date of the prior application and the national or PCT international filing date of this applicatioru 



(Application Number) 



(Filuig Date) 



(Status - patented, pending, abandoned) 
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(Application Number) 



(Filing Date) 



(Status - patented, pending, abandoiied) 



...L o ri 3'; ii:i ...i. e ,e ... o; s „.i 



A-7769 
Attorney Docket No. 



I hereby appoint the foUowing attorneys to prosecute this application and/or an international application based on this 
application and to transact aU business in the Patent and Trademark Office cormected therewith and in coruiection with the 
resulting patent based on instructions received from the entity who first sent the application papers to the attorneys identified 
below, unless the inventor(s) or assignee provides said attorneys with a written notice to the contrary: 



Christopher J. McDonald 
Martin P. Hoffman 
Mitchell B. Wasson 
Stewart L. Gitler 



Reg. 41,533 
Reg- 22,261 
Reg- 27,408 
Reg. 31,256 



Send Correspondence to: 



Hoffman, Wasson & Gitler, P.C. 
2361 Jef ferson^lDavis Highway 
Suite 522 

Arlington, Virginia 22202 
(703) 415-0100 



PLEASE NOTE: 
YOU MUST 
COMPLETE 
THE 

FOLLOWINGi 
I 



of First 

ivcntor 

fame of 



Flint 

Insert^ 
, Inveii 

Insert Date I nis t ^ 
Doctunent is Signed 

Insert Residence 
Insert Qtizciulii^ -» 

Insert Post Office 



J J *^«J«^y dedare that aU statements made herein of my own knowledge are true and that aU statements made on information 
arid beliet are believed to be true; and further that these statements were made with the knowledge that willful false statements and 
the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Tide 18 of the United States Code and that 



Full Name of Seomd 
Inventor, if any: 



PtiU Name of Third 
Inventor, if any: 



FnU Name of Fourth 
Inventor, if any: 

see above 
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GIVEN NAME/FAMILY NAME 

Raffaele TOMELLERI / 


/^NtyENTORS SIGNATURE ^ „ 


DATE* 


Residence (City, State & Country) I 

VERONA (ITALY) T— ^ ^ 




CITIZENSHIP 

Ital ian 


MAIUNG ADDRESS (Complete Street Address including City, State & Coimtry) 

Via I Traversa Spiana, 7 
37138 - VERONA (ITALY) 


GIVEN NAME/ FAMILY NAME 


INVENTOR'S SIGNATURE 


DATE* 


Residence (City, State & Country) 


CITIZENSHIP 


MAIUNG ADDRESS (Complete Street Address including City, State & Country) 


GIVEN NAME/FAMILY NAME 


INVENTOR'S SIGNATURE 


DATE* 


Residence (City, State & Coimtry) 


CITIZENSHIP 


MAIUNG ADDRESS (Complete Street Address including City, Slate & Country) 


GIVEN NAME/FAMILY NAME 


INVENTORS SIGNATURE 


DATE* 


Residence (City, State & Country) 


CmZENSHIP 


MAIUNG ADDRESS (Complete Street Address including City, State & Country) 



*DATE OF SIGNATURE 



